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ABSTRACT 

During  the  pest  decade  a  great  deal  of  expandable  structure  re¬ 
search  has  been  conducted,  also  during  this  period  investigators 
have  proposed  many  expandable  structure  applications.  This  paper 
summarizes  the  major  types  of  expandable  structures  irtiich  are  as 
follows;  Inflatable  balloon,  rigidized  membrane,  airmatt,  foemed- 
in-place,  expandable  honeycomb  and  variable  geometry  structures. 
Qnphasis  is  placed  on  materials,  system  cheracterietica,  and  ad> 
vancements  required  to  perfect  each  type  of  expandable  structure. 
Finally,  a  discussion  is  given  on  future  significant  expandable 
structures  experiments  that  will  be  conducted  by  the  Air  Force. 
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lOTRCDUCTl  ON 

One  of  the  most  important  decisions  to  be  made  when  designing  futxire 
space  systems  is  the  selection  of  materials  and  structures  to  satisfy  the 
vehicle’s  mission  requirements-  Today’s  structures  are  required  to  resist 
extremes  in  tempeiature*  high  vacuum  conditions*  ultraviolet  and  electron 
radiation,  and  micrometeori te  bombardment i  while  being  as  structurally 
efficient  as  possible-  There  ere  many  types  of  structures  being  utilized 
:ri  today’s  systems  and  this  paper  will  deal  with  one  general  type*  expand¬ 
able  structures,  which  are  being  applied  to  more  end  more  applications.  It 
is  not  the  purpose  of  this  paper  to  in'  ate  that  expandable  structures  are 
an  answer  to  all  problems  of  both  todej  inc  the  future.  Obviously  they  ere 
not,  otherwise  this  type  of  stjruct...  ^  would  be  in  widespread  utilization. 

Before  going  into  the  details  of  expandable  structures  it  would  be  wise 
tc  define  the  term  "expandable  structure".  An  expandable  structure  is  con¬ 
sidered  to  be  any  structure  that  can  be  expanded  from  a  small  package  volume 
into  a  larger  volume  structure;  it  may  or  may  not  have  a  load  carrying  mis* 
sion^.  There  is  really  only  one  reason  to  utilize  an  expandable  structure* 
that  is  to  reduce  its  package  volume  during  shipment*  Some  believe  that 
expendable  structures  have  an  inherently  higher  strength  to  weight  ratio 
then  conventional  structures;  this  is  not  true*  at  best  en  expendable  struc¬ 
ture  wil]  have  an  equal  strength  to  weight  ratio  as  compared  to  the  moat 
efficient  rigid  structures.  Finally*  the  reliability  of  the  expendable 
structure  is  somewhat  less  then  that  of  a  rigid  structure.  This  is  because 
of  the  possibility  of  an  expandable  structure  failing  to  deploy  o.*  rigidize* 

There  are  some  applications  which  lend  themselves  to  expandable  struc¬ 
tures,  for  example.  Imagine  fabrication*  ground  shipment*  and  launching  into 
ortit  an  Echo  I  or  TI  size  rigid  nonexpendable  satellite. 

There  are  six  basic  types  of  expendable  structures.  These  are;  (1)  the 
thin  skinned  pressurized  balloon,  (2)  rigidized  thin  skinned  structurea, 

(3)  airmat,  (4)  foamed-in-place,  (5)  expandable  honeycomb  or  sandwich,  and 
(6'  variable  geometry  structurea, 2  Variable  geometry  structurea  as  previous¬ 
ly  defined  by  the  author  were  known  as  unfurleble  structures. 


iPFLIClIIOIQ 


Ibere  era  cuinerotie  application*  ttaing  considered  for  expendable  etruc- 
turee.  liiese  are  passive  concunicatioc  satellites*  decoys*  antennae*  solar 
energy'  collectors,  space  shelters,  space  stations,  space  maintenance  hangars, 
re-entry  vehicles,  recorerable  booster  system*  and  fiumiture. 

Faseive  Comnunication  Setelltte 


Expendable  structures  have  already  made  a  significant  contribution  to 
the  eonainication  satellite  eree.  Naosly  Echo  X  and  Scho  II  launched  into 
orbit  on  August  12.  19^0,  and  January  25*  1964*  respectively*  by  the  National 
Aeronautics  and  Space  Administration.  The  launching  of  these  two  satellitea 
has  actually  given  considerable  impetus  to  the  whole  area  of  expandable  etrue- 
turas.  New  trsnda  are  developing  in  this  area  of  passive  catmunicetion  eat- 
allltea.  The  current  trend  In  ezpandeble  etruotures  is  toward  the  open  grid 
structure  ra  her  than  a  solid  akin  atruoture.  There  are  at  least  three  com¬ 
panies  (Virou,  G.  T.  Schjeldahl.  and  Goodyear  Aerospace),  which  are  actively 
pursuing  different  expandable  grid  apbere  materials  approechea.  The  open 
grid  satellite  has  the  advantage  that  although  it  provldaa  a  large  radio 
effective  area  it  presents  a  minimal  area  to  either  edr  drag  or  solar  prea- 
eure. 

Solar  Energy  Collactora 

The  application  of  axpandehle  structuxee  to  a  aolar  energy  eollaotor 
is  one  of  the  most  challenging  areas  being  pursued  by  aome  investigatora 
today3*4.  A  solar  collector  ia  a  parabolic  dish  with  a  highly  reflective 
coating  on  the  concave  surface  which  concentrates  all  of  the  sun's  energy 
at  a  theoretical  focal  point.  A  solar  energy  collector  must  be  > 

currently  design  goals  are  .2  Ibs/eq  ft  of  projected  reflective  arse*  This 
minimal  wsl^dit  requirement  must  be  satisfied  If  a  solar  energy  conversion 
system  utilizing  a  solar  collector  la  to  be  coicpetltive  to  other  systems *3 
A  solar  concentrator  auat  also  have  the  ability  to  hold  its  contour  during 
repeated  orbital  thermal  cycling.  lavastigstora  in  the  past  have  side  stspp- 
ad  this  area  of  research  in  aolar  concentrators;  however,  the  Air  Force  hse 
juet  recently  Initiated  an  in-house  program  to  determine  the  effects  of 
orbital  theznal  cycling  on  metal  petal  aolar  eollecton,  foam  rlgidizad  solar 
collectors,  and  expandable  hooayccmb  aolar  collectors.  Tests  are  to  be  con¬ 
ducted  on  2  ft,  10  ft.  and  44*3  diameter  solar  collectors.  The  collec¬ 
tor  will  be  cycled  repeatedly  through  the  mexima  and  mlniina  heat  fluxes  to 
be  encountered  in  lower  orbit  space  miaslons.  Temperature  profile*  strain, 
and  deflection  data  will  be  ascertained  from  these  tests. 

Solar  collectors  must  have  e  mlniiaal  package  volume*  othsrwia*  a  ujor 
space  syatem  may  be  required  to  carry  ezeeaaivaly  large  esnistsr*.  For  *z- 
ample*  althou^  the  variable  geonetry  metal,  petal  aolar  collector  is  within 
the  state-of-the-art*  its  package  length  ie  only  about  30X  of  Its  diameter. 


Thus,  a  itit.3  ft  dlamatar  solar  oollsetor  would  haTS  a  eanlstar  length  of 
23  ft,  such  8  length  would  probably  isipose  a  sesere  hardship  on  a  apace 
system  during  boost. 

Space  Sheltera 

Since  man  has  decided  to  eicplore  the  rest  sea  of  space  be  has  set  up 
a  nuBd>er  of  major  goals.  One  of  these  la  manned  fillets  to  extraterrestrial 
bodies,  and  the  exploration  of  these  bodies.  Expandable  struottires  could 
play  a  rery  important  role  in  prorlding  man  shelter  on  these  extraterrestrial 
bodies.  Complete  shelters  could  be  fabricated  on  the  Earth,  paolcagid,  boost¬ 
ed  to  final  destination,  and  finally  deployed  into  a  useful  size  shelter* 

Mast  likely  the  more  probable  epplicetlon  of  expandable  structurea  would  be 
to  expand  large  liTing  or  work  areas  on  smaller  mora  eonrentionally  built 
rigid  structures.  The  rigid  structural  cooqponent  could  contain  all  of  the 
basic  eaulpment  required  for  initial  aurrlTal  of  man. 

Space  Statlona 

Man  has  also  had  aa  a  najor  target  objective  the  eeteblishstent  of  per¬ 
manent  manned  space  stationa.  Pemanent  specs  stations  must  sither  be  ssasiB- 
bled  in  orbit  from  many  separately  launched  prefabricated  modulee  or  it  must 
be  expanded  in  orbit  from  aome  type  of  expandable  structure.  Both  approaches 
have  adventegea  and  diaadyantages  and  it  would  be  fortuitous  to  aey  at  this 
time  which  system  should  be  utilized  for  advanced  space  stations*  tkidoubtedly 
both  modular  in-orhlt  assembly  and  expandable  structures  %dll  be  utilized  on 
several  of  these  space  stations. 

Space  Mslntenance  Hangars 

The  Air  Force  has  a  well  establiabsd  space  maintenance  program  includ¬ 
ing  the  development  of  astronaut  maneuvering  units,  remote  controlled  maneu¬ 
vering  units,  space  shuttles,  space  maintenance  tools,  adhesives,  fastening 
techniqxies,  and  finally,  extravehicular  apacesuits.  Approved  DOD-NASA  ex¬ 
periments  on  Gemini  will  establish  the  feasibility  of  man  performing  in-spacs 
maintenance  and  the  Air  Force  will  conduct  more  advanced  apece  maintenance 
studies  cn  tha  first  space  station.  Space  maintsnanes  hangars  would  be  one 
more  tool  in  the  aainteo£mce  worker's  tool  box  tdiich  would  insure  the  main¬ 
tainability  of  futt're  space  vehicles.  The  principal  advantage  of  utilizing 
a  space  maintenance  hangar  lies  in  elindoation  of  the  pressure  differential 
between  the  Inside  and  outside  of  the  astronaut's  space  suit*  Elimination 
of  these  differentials  would  give  man  the  mobility  of  a  nonpresaurs  suit 
which  would  in  turn  greatly  reduce  space  maintenance  repair  task  times *° 
Secondary,  but  important  advantages  of  such  a  hangar  would  ha  the  ability  to 
rrcvide  man  a  controlled  lighting  intensity  conclusivs  to  oaintenahce  tasks, 
increased  maintenance  mission  capability,  and  additional  protection  of  man 
from  the  hostile  environment  of  space.  The  author  does  not  foresas  expand¬ 
able  space  maintenanca  hangars  actually  utilized  for  aoms  time  to  come. 


Expaadabl*  Bend«ZTOua  Docla 


Tbe  naintanance  of  large  apace  atatiooa  in  orbit  ia  very  dependent 
on  the  ability  to  either  by  reaiote  control  or  manual  control  rendezToua 
loglatica  Tehlclea  vlth  the  orbiting  space  atatioDc  A  se]nl''ngid  expand- 
able  structure  could  proride  eren  a  rigid  conTentlonally  built  apace  station 
with  aeTeral  adTantages.  Ihiring  boost  into  orbit  the  space  station  would 
haTe  a  reduced  Toluiae  in  the  area  of  tbs  rendezToua  dock,  but  during  docking 
operations  the  expanded  nonrlgid  dock  would  proride  excellent  ahock  or  energy 
abaorbing  character 1st lea  in  the  STent  of  inaecurata  rendezToua  techniques. 

Ra-attry  Yehielas 

The  moat  formidable  application  of  expandable  atructurea  lies  in  the  ex 
pandable  winged  re-entry  area.  The  elerated  teniperaturM  encountered  during 
re-entry  create  nuasroua  materials  and  structural  problame.  The  Air  Force 
and  NASA  have  established  expandable  re-entry  vehicle  prograoa  mainly  in  the 
paraglider  aree.7t°  There  ia  no  doubt  that  the  development  of  an  expandable 
re-entry  vehicle  program  would  be  extremely  beneficial  to  the  nation's  space 
program  in  the  area  of  allowing  the  astronaut  to  select  e  normal  lending 
field.  111  is  would  eliminate  the  necessity  for  a  world  wide  recovezy  task 
force  idiieh  la  expensive  to  deploy.  Expandable  re-entry  Tshieles  could  also 
be  utilized  to  rescue  astronauts  from  damaged  vehicles  or  to  recover  unmanned 
objects  from  space  for  subsequent  inspection.  Finally,  such  a  recovery  ve¬ 
hicle  may  someday  be  utilized  to  recover  the  first  and  aecond  stages  of  boost 
ers  for  reusage. 

HiBcellaneous  Applications 

Expandable  structures  have  many  other  potential  applications  in  apace 
missions.  Space  fuxuiture,  fuel  tankage,  crew  transfer  tunnels,  and  solar 
sails  are  hut  just  a  few  of  these  applications,  undoubtedly  expandable 
structures  will  provide  many  solutions  to  major  and  minor  aubaystam  require¬ 
ments  on  future  apace  vehicles 

NONHIGID  VERSUS  RIGIDIZED  EXPANDABLE  STRUCTURES 


Ibtere  baa  always  seamed  to  be  some  divergent  opinions  on  whether  ex¬ 
pandable  space  struoturea  should  be  rigidized  or  nonrlgidized  atruetures. 
Nonrlgid  proponents  point  out  that  if  the  space  vehicle  requires  internal 
pressurization  for  human  occupancy,  it  is  efficient  to  maintain  structural 
rigidity  through  this  internal  pressurization.  Furthermore,  they  claim  that 
although  puncture  would  result  in  loss  of  internal  presAurSi  the  structure 
would  not  collapse  due  to  the  Zero  'G*  environment.  Certainly  these  are 
valid  points,  but  the  author  eonaiders  that  if  a  rigidized  atructure  can  be 
made  to  have  as  hi^  a  strength  to  weight  ratio  as  a  pressure  stabilized 
structure,  why  not  utilize  e  rigidized  structure  for  added  structural  con¬ 
fidence.  In  addition,  manned  space  stations  which  would  rotate  to  indues 


artificial  grarity  vould  iapose  loada  on  a  apace  atruoture  when  it  had  baas 
depreasurizad  due  to  aome  accident.  Rigidized  expandable  atructurea  are 
planned  for  future  long  tern  paaalTe  conoBini cation  aatellite  applicationa  to 
reaiat  defomatlon  cauaed  froa  puncture  and  aolar  preacure.  Early  expandable 
re-entry  rehicle  eoncapta  were  baaed  on  inflatable  nonrigld  atructurea.  One 
of  tne  biggeat  technical  protleoa  to  ba  encountaxed  with  taeae  ayateaa  waa 
deraloping  flaxible  aaalanta  for  the  fabric  which  would  ndniialza  poroaity 
while  reaiatlDg  tha  re-antry  teaiperature.  A  rigidized  re-entry  aystea  would 
totally  elifflinate  this  problea.  It  should  ba  raalized  that  e  nonrigld  atruc- 
ture  la  edrantageoua  for  randazroua  docka  and  apace  aaintenance  hangars. 

Crew  transfer  tunnala.  baoauaa  of  their  relative  aize  and  miaaion  application, 
may  also  utilize  nonrigld  atructurea. 

INFLATABLE  BALLOON 

Definition:  'nie  balloon  le  defined  as  a  fabric  or  film  bag  Inflated 
with  a  gas.  A  balloon  uaually  baa  the  shape  of  a  sphere*  c  cylinder  with 
domed  ends,  cigar  or  a  tcrus.^  Since  the  author  wrote  'Expandable  Struc¬ 
tures  for  Aeroapaee  Applications*,  there  hee  been  little  advanoeatent  in  the 
area  of  inflatable  balloon  atructurea.  In  reviewing  the  euthor'a  aomaents 
in  the  above  document  the  following  suosiary  ia  presented. 

Materials 

Usually  the  Inflateble  balloon  atructurea  are  fabricated  froa  vylar. 
tedlar*  H  film,  or  polyethylene  plastic  filns  ranging  from  1/2  mil  to  several 
mils  thick.  Quite  often  in  the  case  of  deeoya,  solar  eollsctora  or  paasive 
cogmunication  aatellitea.  these  films  are  alualnizad  to  provide  visual*  heat* 
or  radio  reflectivity.  Hiese  msterlala  are  all  utilized  in  featherweight 
atructurea.  Heavier  duty  higher  load  carrying  atructurea  esploy  the  woven 
or  filament  wound  atzgicturea  to  carry  the  atxuctural  load  while  utilizing  an 
organic  plastic  gas  barrier  to  retain  internal  preasure.  All  of  tha  above 
cited  amterlala  aysteaa  are  teaig>erature  limited*  of  oouxwe  nickel  base*  boron 
fibers*  or  other  high  teBg>eratuxe  fibers  oiay  be  utilized  to  incresse  the 
temperature  limit  of  the  expandable  structure  msterlals. 

Character Istics 

Inflatable  bedloon  atructurea  have  high  atrength  to  weigh't  ratios  and 
high  ratios  of  expanded  volume  to  packaged  volume*  and  they  are  reusable; 
however,  these  atructurea  ars  usually  limited  to  bodies  of  revolution*  and 
collapse  if  punctured. 


Applications 

These  inflatable  atructurea  have  been  used  for  passive  eommunlcstion 
satellites  (Echo  1),  booem  on  a  paraglider  structure,  groiind  based  shelteze, 
drag  ballutea,  and  other  amaller  structures.  Inflatable  structures  are  also 
utilieed  as  a  basic  component  of  many  chemically  rigidized  atructurea*  such 
as  honeyeouib*  foamed -in-plaea*  and  rigidized  msmbrane  structures. 


Adyanceaeate  B»qulr»d 


New  flexible  higbar  atrengtb  plastic  filaa  need  to  b«  developad  which 
axe  tailor  ai^e  for  Inflatable  atroctures.  HomX  of  today's  inflatable  bal¬ 
loon  BBteriala  were  dsTeloped  by  prirate  induatry  for  eanaereial  applicatioaa. 
In  particular  if  aoae  of  the  new  exotic  high  tae|)«rature  fibers  are  to  be 
utilized  efficiently  in  inflatable  structure  appllcationa.  new  flexible  bl^ 
teuperature  sealing  neteriala  nuet  also  be  dereloped.  Finallyt  new  and  better 
adbeslre  Jointing  teehnlquea  ouet  be  deealoped  to  be  utilised  in  the  fabri¬ 
cation  of  these  new  aaterials. 

RIGIDIZED  MMEFaNE  STTOCTDRES 

Definition:  This  type  of  structure  is  defir^ed  as  an  inflatable  bal- 
lo<»i  structure  that  is  either  aechanicelly  rlgidized  or  cheorLcelly  rigidised 
efter  deployaient. 

>»teriale 

Generally  two  baaie  types  of  rlgldizatlon  tachniqoea  are  applicable  to 
rlgidized  membrane  etructurea*  These  are  mechanical  end  chamicel,  aignlficcnt 
adyancea  have  been  made  in  both  areas. 

In  the  mecbanioally  rlgidized  area,  structures  are  fabrleatad  from 
laminates  of  thin  li^twei^t  metallic  folia  asndtflehad  over  a  thin  plastic 
film.  Onca  these  structures  are  inflated  to  proper  deeign  preseurea  the 
metallic  folia  yield  and  take  a  permanent  set.  In  a  'Zero  G*  enyironment 
this  small  amount  of  rigidity  obtaixied  from  the  strstehed  foil  stmeture  is 
sufficient  to  maintain  a  large  passive  coamunlcetion  eetelllte's  sbape  with¬ 
out  internal  preaaurization.  Echo  II,  an  ezeaqpla  of  this  construction, 
utilized  a  material  coB|>08ed  of  ,00018  inch  foil  sandwiched  oyer  a  layer  of 
.00035  iQOh  mylar.  Figura  1  le  a  photograph  of  Echo  II. 

The  wire  or  metal  grid  sphere  mentioned  in  the  introduction  of  this 
paper  la  another  example  of  a  meohenically  rlgidized  expendable  etructure. 
Currently  there  are  three  baalc  techniques  which  can  produce  tbeee  open  wire 
grid  atructuree.  Theee  are  chemically  etching  foil,  expanded  metal  fabric 
techniques  and  finally  mlniturization  of  co&yentional  chicken  wire  fabrica¬ 
tion  techniques.  Each  type  of  open  grid  meterial  has  its  adyeotagBS  and  die- 
advantages.  For  example,  the  technique  which  utilizes  ohemicel  etching  to 
create  the  openings  in  the  materiel  can  be  utilized  to  provide  a  grid  mate¬ 
rial  which  is  extreamly  thin.  Fabrication  of  a  material  of  this  type  con¬ 
stitutes  laminating  a  light  gauge  aluminum  or  metal  foil  to  e  plastic  film, 
printing  a  non-etching  grid  on  the  foil,  subjecting  the  mater isl  to  an  acid 
or  alkali  etching  solution,  and  final  naturalization  of  thla  solution. 


UtiliziDg  fflfiteriala  of  thia  type*  large  peaaive  cow.uDicetlon  aeteilitea  oiay 
be  built  waicb  will  have  large  reaer  cross  acctioos,  tut  minia-al  air  resia- 
tfaDce,  Cne  cf  the  keys  tc  thic  realisatioc  is  the  deveiopsjeut  of  plastic 
iiiXE  which  will  disappear  in  a  space  ecvironment  fairly  rapidly.  The  open 
grio  n^teilic  n^teiieis  are  lamiDated  tc  e  plaatic  fxlia  to  proTioa  a  taioporary 
fcSs  terrier  for  inflation  ci  deployiaent  purpoeee.  Today's  plastic  filme  al¬ 
though  tncy  iQsy  eventually  degrade  in  space,  tai^e  far  too  long  to  aiseppear. 

It  IS  desirable  tc  eliminate  this  film  ininedieteiy  after  deployinent  to  pre¬ 
vent  anlavoratle  orbital  perturbations  which  would  identify  an  orbital  decoy 
or  degrace  the  orbit  of  a  comcunications  satellite* 

In  the  chemically  rigidized  structure  area  a  number  of  chexoical  rlgidi- 
zation  techni^iues  have  been  developed  ^Aich  will  rigldize  films  or  impregnated 
fabrics.  Plasticizer  boil -off  is  an  old  technique  which  had  been  inveatigated 
fcr  many  space  applications.  Plastica  which  have  been  investigated  for  this 
area  are  vinyls,  polyurethanes,  acrylics,  and  gelatins  or  protelna.  All  of 
these  systems  require  rather  hi^  plasticizer  percentages  of  the  total  system 
weight.  Once  in  space,  the  plasticizer  constituting  20  to  j0%  of  the  struc¬ 
ture's  weight  is  released  or  discarded,  which  causes  rigldization.  Another 
disadvantage  of  the  plasticizer  boil-off  system  is  that  as  soon  as  the  struc¬ 
ture  is  exposed  to  the  space  environiiient  it  begins  to  cure*  For  many  space 
applications,  the  Air  Force  is  desirous  of  having  a  system  that  cures  on  com¬ 
mand.  For  example,  it  may  well  take  one  or  two  orbits  before  a  larg^  solar 
ccTlector  is  accurately  deployed  j  howver*  a  solar  collector  curad  by  plas¬ 
ticizer  boil-off  technique  would  have  already  been  cured  before  accurate 
Contour  is  achieved. 

IJodoubtedly  cne  of  the  most  promising  plasticizer  boil-off  systems  in¬ 
volves  gelatin.  Gelatin,  dehydrated  cross  linked  films  have  been  made  with 
strengths  exceeding  21,000  psi.  Films  containing  20  to  ^0%  plasticizers, 
such  as  glycerine  or  glycols,  are  quite  tack  free  and  flexible.  Ultraviolet 
^nd  electron  radiation  tests  cn  these  specimens  have  shown  that  gelatin  is 
quite  suited  tc  space  applications.  It  is  nearly  transparent  to  ultraviolet 
radiation,  and  is  relatively  unaffected  by  electron  radiation  of  10^  rads.^^ 
Gelatin  is,  however,  water  soluble.  It  might  be  added  that  there  appear  to  be 
no  lain  clouds  in  space.  Gelatin  can  be  crosslinked  to  the  point  that  it  is 
no  longer  soluble  in  boiling  watery  however,  it  will  swell  under  this  con¬ 
dition.  Gelatin  has  a  high  stiffness  as  a  free  film,  1,000,000  psi.  Gelatin 
and  fiberglass  laminates  fabricated  and  tested  by  Forest  Products  Laboratory 
exhibited  the  properties  shown  in  Table  1*  It  should  be  noted  that  Monsanto 
hesearch  Laboratory  has  prepared  laminetes  that  have  significantly  higher 
bending  and  tensile,  and  coinpressive  strengths  than  shown  in  Table  1*  Flexural 
strengths  cs  high  as  77%300  psi  have  been  obtained  on  MRC  laminates aS 
one  can  see, gelatin  fiberglass  laminates  have  quite  remarkable  stiffness 
properties  at  eleveteo  teinperaturee .  The  Air  Force  Aero  Propulsion  Laboratory 
has  just  awarded  a  contract  to  Yiron  Livision  of  Geophysics  (prime).  Swift 
and  Company  (sub-contractor)  and  ^^nsanto  Research  Corporation  (sub-contract¬ 
or)  to  investigate  plasticizer  boil-off  rigidizau  gelatin  structures  for 
space  applications.  Gelatin  and  other  protein  materials  are  tc  be  modified 
to  provide  even  better  properties  than  are  now  reported,  Monsanto  Hesearch 
has  already  come  up  with  techniques  to  aluminize  gelatin  by  vapor  disposition 


for  solar  collector  or  antenna  applications. 


Radiation  has  been  utilized  by  some  invest igators  as  a  method  for 
rlgldlzlog  membrana  strv^tures.  Hughes  Aircraft  Company  has  for  a  number  of 
years,  worked  on  both  ultraviolet  and  Infrared  cured  plastic  resins. Foly- 
ester  resins  seem  to  cure  quite  well  on  exposure  to  ultraviolet  radiation, 
while  epoxies  can  be  made  to  cure  with  exposure  to  infrared  radiation.  Ultra¬ 
violet  cured  systema,  once  croas  linked  to  complete  rigidity,  will  then  de¬ 
grade  with  additional  exposure  to  ultraviolet  radiation.  This  problem  may 
be  eliminated  by  the  addition  of  absorbers  which  are  activated  after  final 
cure  of  the  system.  The  author  is  concerned  that  the  ionizing  radiation 
level  in  space  may  cause  rlgidization  of  a  polyester  structure  before  it  is 
fully  deployed.  British  Patent  949*  ^91  records  the  curing  and  crosalinking 
of  reainous  filxDS  by  electron  irradiation.  Coatings  consisting  of  thin  films 
of  unsatursted  polyesters  were  subjected  to  an  electron  beam  of  IOC  Kev  under 
nitrogen  and  cured  In  one  (1)  second. ^3  Infrared  or  heat  activated  systems 
such  as  epoxies  are  cured  by  raising  the  temperature  of  the  resin  system  tc 
a  point  of  high  reactivity.  This  increase  in  teiqperature  can  easily  cause 
a  large  solar  collector  of  Uh»5  diameter  to  lose  accurate  contour  because 
of  creep  in  the  mylar  reflective  surface.  Solar  eollactora  that  are  rigld- 
Ized  by  this  process  are  fabricated  from  one  (1)  or  two  (T.)  ndl  mylar  and 
the  actual  solar  concentrator  area  is  coated  with  the  heat  activated  epoxy 
aystam.  After  deployment  of  this  collector  structure,  but  before  final 
rlgidization,  the  parabolic  contoxir  is  held  by  inflation  pressure.  If  the 
structure  teaches  a  temperature  above  130^F  for  any  length  of  time  during 
Its  uncured  atage,  the  stylar  will  etreteb  or  creep  considerably  causing 
the  solar  collector  to  lose  contour.^  These  ultraviolet  cured  or  infra¬ 
red  cured  atruetures  require  that  the  structure  have  orientation  equipment 
on  board  to  insure  that  the  plastic  resin  receives  the  proper  dosage  of  the 
activation  radiation. 

Gas  catalysis  curing  techniques  have  been  developed  in  the  areas  of 
epoxies,  urethanes  and  polyesters.  Early  pioneering  work  in  thia  area  waa 
accoDiplishad  by  Ft.  Spain.  Air  Force  Meteriala  Laboratory  and  Wyandotte  Cheml- 
cala  Corporation.  Gas  cured  urethane  systems  utilize  water  aa  a  catalysia 
and  with  the  earlier  aystems  required  four  (h)  to  sixteen  (l6)  boura  to  fully 
rigldlze.  Milti -layer  laminates  ware  prepared  that  exhibited  flex  strengths 
of  about  20,000  psi,  althou^  periodically  higher  strengths  have  been  achieved. 
Gas  cured  epoxy  materials  in  general  require  longer  cure  times,  but  develop 
higher  strengths.  Cura  timea  with  some  epoxy  aystems  are  in  exceas  of  4B 
hours.  Strengths  in  these  early  epoxv  gaa  cured  laadnates  were  between 
25,000  and  30,000  pal  in  flexure, ^3 • 

CharacteriatlcB 

Rlgldlzed  membrane  structures  will  not  collapse  if  punctured  and  have 
a  high  ratio  of  expanded  volume  to  packaged  volume ^  althou^,  these  atruc- 
turea  usually  fail  prematurely  because  of  buckling  stresses. 


Rlgldizdd  membrane  atructures  are  very  applicabio  to  pasaive  coninunl- 
cation  satellites  becauae  of  their  relatively  light  weighty  The  techniques 
for  rigidizing  these  li^tvei^iit  membrares  are  in  the  majority  of  instances 
directly  tranalatabie  to  expandable  honeycc^nb  structures* 

Mvancements  Required 

In  the  open  grid  material  systems  two  advancements  are  needed,  these 
arei  improved  seaming  and  joining  techniques  and  a  rapid  migrating  plastic 
film.  The  later  requirement  has  previously  been  discussed.  Advancements 
are  required  in  the  plasticizer  boil-off  syatems.  namely  pleatlcizera  are 
required  which  can  bo  utilized  in  lower  percentages  of  the  overall  system, 
but  still  produce  flexability.  A  plasticizer  which  would  only  occupy  ten  (10) 
percent  of  the  total  resin  system  is  a  design  goal*  Ultraviolet  or  infrared 
cured  resin  systems  need  to  have  co-comisand  curing  capability*  Today  thsss 
systems  will  start  to  rigid! ze  as  soon  as  they  are  deployed  in  space*  Tbs 
systens  designers  would  prefer  to  be  able  to  deploy  a  structure,  but  have  it 
cure  on-comnand  not  on  deployment.  Further*  ultraviolet  absorbers  or  screen¬ 
ing  materials  are  required  which  after  a  predetermined  period  of  time  would 
absorb  or  reflect  the  ultraviolet  radiation  thus  preventing  degradation  of 
the  cured  plsstic  resin  system. 

Gas  cured  rigidization  systems  require  many  advancements.  The  epoxy  gas 
catalysis  materials  system  needs  to  have  its  cure  time  reduced  ai^iificantly* 
Desl^  goals  for  a  cure  time  are  about  fifteen  (I3)  minutes.  Urethane  ges 
cured  systems  should  have  their  cure  time  reduced*  but  these  systems  require 
improvenisnts  In  shelf  life.  The  mejority  of  the  gas  cured  resin  systems  cure 
by  absorbing  water  vapor  plus  an  accelerator.  It  is  very  difficult  to  prevent 
these  urethane  resins  from  prematurely  hardening.  A  shelf  life  of  six  (6) 
months  has  been  reported^7,  but  this  is  for  a  resin  in  a  sealed  container* 

Long  shelf  life  for  an  impregnated  packaged  structure  is  much  more  difficult 
to  achieve.  All  of  the  chemically  rigidized  structures  should  be  investigated 
to  determine  the  effects  of  the  spa're  enrironz&ent *  before  and  after  rigidi¬ 
zation,  on  the  materials. 

AIRMAT  SWUCTURES 

Eeflnitionj  Airroat  is  an  Inflatable  structure  that  la  held  into  a  pre¬ 
determined  shape  by  drop  threads.  These  threads  act  as  cross  ties*  and  by  tai¬ 
loring  the  lengths  of  these  threads  flat*  airfoil*  or  other  shaped  panels  can 
be  maintained*  There  are  thirty  (jO)  drop  threads  per  square  inch  on  the 
average*  but  as  many  as  sj.xty  (60)  drop  threads  per  inch  may  be  utilized  in 
some  cases. 

Materials 

Organic  and  »talllc  fibers  are  utilized  in  the  basic  alraat  structure 
end  organics  or  inorganics  are  utilized  to  seal  the  woven  matertsl.  Dacron* 


tiyloix^  i\nd  cotton  fibers  ere  often  utilized  for  non-hi^i  texapereture  applica¬ 
tions.  Neoprene  end  other  organics  ere  commonly  used  as  seelante*  but  ailicone 
rubbers  ere  utilizau  fcr  high  temperature  appllcatonB.  Hene  i^l  and  other 
nickel  tase  flberi  ere  ensployea  -  A  major  consideration  In  the  maidng  of  air¬ 
lift  is  the  loom  which  it  is  woven  on.  Just  recently  Goodyear  Aeroapece  under 
an  Air  Icrce  contract  developed  a  twenty  (20)  foot  wide  loom  which  can  weave 
very  deep  ainziat  panels  o.^  coiaplei  con  tours.  This  loom  has  the  capability  of 
^eavir;^  nc^t  only  organic  fibers,  but  also  rnatellic  fibers  into  aiitnatt  struc¬ 
tures  . 


Characteristics 


Ainuet  structures  have  e  high  strength  to  weight  retie,  a  high  expanded 
voliuae  to  packagea  voluiae  ratio,  and  a  capability  to  laaintain  other  than  cir- 
coip.r  crx-ss  section  shares.  Aiitnet  structures  heve  high  aeflectioDB  under 
load,  re^^uire  deep  members,  otherwise  inflation  pressure  is  high?  and  these 
ctructurea  collapse  if  Functured. 

^^dveii cements  rteguired 

AdvancemeDts  inquired  in  the  eirmat  XLsterials  eysteme  are  in  the  high^^ 
temf^erature  materials  area.  I^w  high  temperature  sealantc  should  be  developed 
that  are  capable  of  resisting  tetnperotui'es  of  l800  to  2000^?  while  maintaining 
xiniii^al  porosity  characteristics.  Improved  high  temperature  fibers  should 
also  be  developed  which  will  operate  at  the  above  mentioned  temP-i^atures . 
Finally,  new  flexible  high  temperature  adheelves  systems  need  to  be  developed 
which  will  maintain  structural  integrity  at  these  high  temperatures.  Since 
eiiTEat  noru/al  orbital  temperature  requirecjents  are  more  or  leas  within  tha 
state-of-the-art,  it  woula  appear  that  a  detailed  investigation  of  the  effects 
Gi  the  space  environijent  wcuid  be  required  bofer^^  final  apace  applications  are 
uncertaken. 

Applications 

Airmat  has  iriany  potential  applications  in  the  space  eg^.  Re-entry 
vehicles,  extensions  on  space  stations,  portable  space  shelters >  rendezvous 
docks,  anc  space  furniture  are  representative  of  applications  for  this  struc¬ 
tural  concept. 

FOAKiD-Il^-PLACE  STRUCTUHE5 

Definition:  Foemea- in-place  structuiee  utilize  an  inflatable  balloon 
structure  to  form  the  desired  configuration  before  it  is  foam  rigldized# 

After  deployment,  plastic  foam  reectants  eie  activated  end  the  structure  is 
foamed-in-place  or  rigiui’ed. 

Materials 


There  aie  a  numi^er  of  plastic  foams  which  are  being  investigated  lor 
space  1 oamed-in-piace  appi icetiuns,  these  aie  epoxieu,  urethanes,  and  phenol- 
ics.  Mest  investigations  have  eventually  centered  on  the  polyurethane  foam 


family*  Baalcally  three  typea  of  foemed-io-place  techniques  have  been  in¬ 
vestigated,  mechanically  oi^ed  pressure  distributed  foams,  solid  reactant 
predistributed  foams,  and  encapsulated  reactant  prediatributed  foams.  Foam¬ 
ing-  in-place  in  a  space  enTlronment  poses  several  formidable  problesm,  these 
ere  effect  of  Zero  *&■ ,  hign  vacuum,  and  space  radiation  on  the  foaming  re¬ 
action. 


Kost  investigators  have  studied  the  effects  of  high  vacum  of  the  foam¬ 
ing  reaction.  Some  investigators^”  have  tried  to  engineer  around  the  high 
vacuum  problem  by  foaming  between  two  (2)  walls i  however,  this  technique  is 
not  practical  as  in  e  solar  collectors  case,  the  wall  materials  ere  one  (1) 
or  two  (2)  mil  mylar.  The  pressure  build-up  within  the  walla  or  backflap 
will  seriously  distort  the  structure  beyond  the  desired  contour.  Small  sized 
structures  with  heavy  backflap  or  double  wall  materials  may  be  foamed  aucceaa- 
fully,  but  the  larger  lightweight  structures  are  impractical  for  backflap 
applications.  Basic  foam  formulations  are  not  compatible  with  the  high  vacuum 
environment  of  space,  A  standard  foam  fonnulatlon  when  activateu  in  the  pres¬ 
ence  of  a  vacuum  will  rise  up  rapidly,  aimiler  to  atmospheric  foams,  but  the 
uncured  foamed  structure  will  then  collapse  beck  to  nearly  its  original  volume 
The  added  pressure  differential  causes  the  foam  to  rise  before  the  urethane 
lesin  has  built  up  jell  strength,  thus,  the  individual  bubbles  of  foam  rupture 
after  expansion.  The  liquid  reactants  of  normal  foam  if  exposed  to  a  vacuum 
for  prolonged  periods  before  activation  of  the  foaming  reaction  will  out  gas 
and  prevent  or  retard  foaming.  Several  companies,  Hughes  Aircraft,  National 
Cash  Hegister,  Monsanto  Research  under  Air  Force  contracts  and  Goodyear  Aero¬ 
space  under  NASA  contract,  have  developed  polyurethane  foame  capable  of  foam¬ 
ing  in  a  vacuioQ.  The  vacuum  foams  developed  to  date  do  not  have  as  good 
quality  cell  structure  as  an  atmospheric  foam.  The  thinner  the  section  of  the 
rigiaiced  foam  the  coaraer  the  ceil  structure.  A  very  thick  slab  of  vacuum 
cured  foam  will  have  a  reasonably  good  cell  structure,  but  fortunately  many 
applications  for  foam  rigidized  atiuctures  require  thin  section  structures, 
such  as  solar  collectors.  Current  estimates  for  large  diameter  collectors 
Indicate  a  maximum  foam  structure  thickness  of  two  (2)  Inches. 

Tlie  effects  of  Zero  ”G*  on  the  polyurethane  foaming  reaction  was  hereto¬ 
fore  unknown.  Authorities  on  polyurethane  foam  could  make  a  strong  case  for 
or  against  .^erc  *G* ,  significantly  effecting  the  foaming  pi'ocess.  The  Air 
Force  set  up  an  in-house  program  to  determine  the  affects  of  Zero  *0*  and 
higjisr  *G*  effects  of  the  foaming  reaction  of  polyurethane  foams.  A  special 
fast  I'eacting  foam  was  developed  by  Nioosento  i«search  under  Air  Force  contract 
wh.cii  IroUi  tiie  time  of  mixing  to  full  rlgidization  required  ’^nly  fifteen  (Ij;) 
seconds.  The  rapid  foaming  formulation  was  prepared  from  coomercially  avail¬ 
able  materlals--a  resin  mixture  of  LA-7G0  pentol  and  UK  trlol,  with  Mondur 
MH  poly  isocyanate ,  Freon  F-11  was  used  as  the  blowing  agent.  The  viscosity 
of  this  iormulatlon  was  1000  cp  at  The  foam  rise  time  of  only  lj>  sec¬ 

onds  Was  achieved  by  a^ians  of  a  mixture  of  stannous  oleate  and  piperazine  uot- 
jilysts.  Tlie  loams  produced  from  this  formulation  were  l.j)  to  2.0  lb  per  ou 
ft  with  a  pal  compressive  strength  and  possosaed  good  dimensional  atabllity 
Ttiia  fast  leaction  was  activated  in  a  mechanical  mixing  davlce,  but  the  foam 
was  ailoweu  to  rise  us  an  unrestrained  columh  during  expansion.  Thirty-two 
apecimeus  were  foaiasd  on  board  the  KC-l;ii  Zero  vo*  Aircraft.  No  detectable 


▼Isual  chaii^^a  in  cell  structure  or  density  was  found  in  the  reaultlng  foeaed 
structures.  Similar  teste  were  run  on  a  centrifuge  utilizing  a  setoi'-capeule 
atmospheric  foam  prepared  by  National  Cash  Register  under  Air  Force  contract* 
Foams  were  made  at  simulated  levels  up  to  jOg.  No  significant  effects 
Were  noticed  until  approximately  13g  force  levels  v/ere  encountered.  Figure 
2  shows  comparison  photographs  of  a  One  "Q*  foam  and  Zero  "G"  foam.  A  One  “G* 
foam  rises  out  of  the  mixing  container  and  overflows  to  form  a  bell  shape* 

The  Zero  *G*  foam  rises  straight  up  in  a  column  of  about  the  cross  section 
of  the  container. 

Effects  of  space  radiation  on  polyurethane  foams  have  not  been  investi¬ 
gated  in  detail  to  date.  Testa  need  to  be  conducted  to  determine  whet  effects* 
if  an)ii  different  types  of  radiation  have  on  both  unreacted  and  reacted  poly¬ 
urethane  foams.  Exposing  unreacted  coiaponents  of  a  urethane  foam  to  space 
radiation  may  cause  premature  hardening  of  the  resin,  prevent  or  retard  foam¬ 
ing,  or  may  iiQprove  or  have  deleterious  effects  on  the  final  foam  properties. 

Hughes  Aircraft  pionsersd  the  solid  foam  reactants  area  for  space  appli¬ 
cations  under  Air  Force  contract.  The  approoch  of  the  Hughes  Aircraft  Company 
was  to  mix  an  initially  solid  diol,  ssooynats,  trlol,  dibutyl  tin  di'S-sthyl 
hsxoats,  and  a  surfactant,  in  correct  properties.  This  mixture  is  partially 
reacted  end  then  ground  into  powder.  Tbla  powder  is  then  mads  to  adhere  to 
an  inflatable  balloon  structure  whiolw  after  inflation, is  allowsd  to  hast  up 
to  180*^  to  230°F  wtiich  in  turn  triggers  the  foaming  reaction. 

Goodyear  Asrospaoe  Corporation  has  developsd  anothsr  more  or  less  solid 
predistributed  foaming  system.  The  foam  is  of  e  urethans  type  which  utilizes 
e  polyol  resin  and  diisocyanate.  Goodyear's  dlisooyanate  is  derived  from 
three  souroesi  thee#  ere  prepolymsrlzatlon  of  the  resin,  a  Curtlus  rearrange¬ 
ment  of  the  azide,  and  a  blocked  isocyanate.  Controlling  factors  are  proper 
proportioning  of  the  isocyanate  for  good  cixteelinkiog  end  adiabetic  tempera¬ 
ture  rise  during  the  reaction.  The  fonnuletion  la  mixed  to  form  a  paste  of 
high  viscosity.  The  foaming  reaction  is  Initiated  by  ellowing  the  fonnulstloD 
to  heat  up  to  about  after  wliicb  the  reaction  is  exothermic Id  the 

past  this  fomulation  either  required  prolonged  hoetlng  of  several  hours  to 
aohisve  foaming  or  it  would  react  very  fast  end  the  exothermic  reaction  would 
damage  a  mylar  subatrate.  Current  formulations  require  one  (1)  minute  of 
heating  at  about  IGC’F  and  requires  about  twenty  (10)  minutes  to  solidify* 

This  formulation  developa  about  a  330^F  exotharm. 

National  Cash  Ragister  under  Air  force  contract  attempted  to  develop  an 
encapsulated  foam  reactant  system*  To  date,  a  total  capsule  operable  system 
has  not  been  achieved*  Polyols  and  iaocyanates  have  been  encapsulated,  but 
these  encapsulated  materials  either  release  prematurely  or  not  at  all  depend¬ 
ing  on  the  wall  material  and  thlokneaa.  The  intent  of  this  program  was  to 
develop  enoapeulation  technology  to  provide  the  capability  of  enoapeulatlng 
any  liquid  polyurethane  foaming  aystams.  This  all- capsule  systsm  would  be 
initiated  by  thermally  rupturing  the  capsules  which  should  significantly  re- 
duca  the  tota^  energy  required  to  activate  a  predistributed  foam  ayetem.  NCR 
has  developed  a  veiv  good  technique  for  rlgldlzing  flexible  polyurethane  foams 
in  space,  Tbla  technique  will  be  dlacunaed  later  in  this  paper* 


Monsanto  Research  directed  their  contract  effort  toward  the  devaloptiient 
of  a  one-package  conu>osition  which,  in  space  envlroncienti  on  localized  themal 
initiation  would  self -propagate  a  reaction  to  give  a  rigid  polyurethane  foain. 
Calculations  and  calorimetric  measurementB  showed  theoretical  possibility  of 
a  self -propagating  reaction  from  localized  initiation.  However,  in  practice 
this  gosl  was  not  attained.  Ibis  was  due,  it  is  believed,  to  heat  transfer 
probletDs  ano  inability  to  use  efficiently  all  heat  reaction  liberated.  Im¬ 
proved  formulations  were  developed  baaed  on  tolidine  di isocyanate  and  poly- 
ojcypropylene  polyols.  These  coihposltions,  when  thezmally  initiated  under 
vacuum  (2  x  lO"-^  torr),  foam  and  cure  to  rigid  foama.  Initiation  temperature 
aiid  heat  input  requirements  are  somewhat  better  than  previously  developed 
formulations.  One-packsge  foimulatlons.  thermally  convertible  at  atmospheric 
pressure  to  polyurethane  foams,  ware  also  completed. Figure  3  shows  a  Mon¬ 
santo  unieacted  and  leacted  solid  reactant  foam. 

Characteristics 

Foam  rigidlzed  structures  heve  several  advantages i  these  are  high  ratio 
of  ezpandeu  volume  to  unexpended  volume,  puncture  doee  not  cause  collapse,  and 
foams  are  a  good  micromsteorite  bumper  material.  Foama  have  a  number  of  neg¬ 
ative  points.  Currently  it  is  nearly  imposaible  to  make  quality  foama  in  the 
high  vacuum  environment  of  space  as  previously  discussed.  Because  of  the  poor 
cell  structure  obtained  in  current  apace  foame.  it  ia  very  difficult  to  deter¬ 
mine  effective  design  properties  of  these  materiela. 

All  current  urethane  or  plaetio  foam  syateme  require  high  inpute  of 
thei'mal  energy  to  initiate  or  sometioiaa  melotain  the  foaming  reaction.  Sevare 
and  impractical  power  raqulrementa  would  be  imposed  on  a  vehicle  if  other  then 
aoler  energy  were  utilized  to  initiate  this  reaction.  If  aolar  energy  is  the 
thermal  energy  source ,  a  technique  such  ss  turning  the  structure  for  shading 
would  be  required  to  provide  on-cosmand  capability  of  initiation  of  the  foam¬ 
ing  reaction.  Another  major  drawback  to  foamed -in -pi ace  atructures  is  that 
the  exothermic  reaction  of  the  foam  system  can  cause  creep  In  the  lightweight 
mylar  inflatable  balloon  structure  utilizec  to  provide  aoourate  contour.  In 
the  case  of  solar  oollaotora  or  antennae  applioationa,  changes  of  contour  be¬ 
cause  of  Gi'eep  caused  by  the  foam  exotherm  would  negate  utilization  of  the 
antennae  or  collector.  Finally.  foBined-lo»place  atructures  have  a  poor 
strength  to  weiglit  retloeas  compared  with  other  axpendabla  structures  syetame. 

Applioationa 

Fot4iied-in-placa  atructures  are  epplioable  (when  successful  prediatrib- 
uted  minimum  exothermio  foam  formulations  ere  developed)  for  aoler  oollaotora. 
antennae,  space  furniture,  expandable  micrometeorl te  bumpera,  apeoe  ehelters, 
end  recovery  of  objaota  from  apace. 

Required  AdvancetnBDta 

Folyurethane  predistributed  foam  ayetams  should  be  developed  which  are 
capable  of  providing  good  quality  predictable  foam  atructures  similar  in 
quality  to  atmospheric  foamed  structures.  The  strength  to  weight  ratio  of 


plastic  foams  need  to  be  ioiproTed  significantly.  Figures  i|  end  5  show  strength 
pzvpez*tie8  of  a  mechanically  mixed  ssjbI -vacuum  foam  developed  by  Goodyear  Aero- 
Space  Corporation.  These  material  samples  were  foamed  under  optimum  conditions 
thus,  this  data  may  be  conservatively  optimistic. 

EXFANDAK.E  SEXF  MCTDIZING  HONEYCOMB  STRUCTURE 

Definition:  Expandable  self  rigldizlng  honeycomb  or  sandwich  structures 
utilize  the  chemical  ri^dization  processes  descrlbau  in  the  rigidized  mem¬ 
brane  section  oi'  this  paper  to  rlgidize  a  three  (3)  dimensionally  woven  honey- 
oomb  or  sandwich  structure.  The  resulting  rigidized  woven  structure  is  similar 
to  conventional  earth  fabricated  rigid  plastic  honeycomb  structures. 

Materials 


Tala  materials  anC  structural  concept  was  conceived  by  the  author  and 
Mr.  S.  Allinikov  both  of  the  Research  and  Technology  Division.  Currently  there 
are  two  basic  oonqponents  involved  in  this  ayetemi  these  are  e  woven  flexible 
three  dimeneional  fluted  core  and  the  rigidlzation  system. 

Today  there  are  several  cotattarclal  sources  avalleble  which  produce  var¬ 
ious  configurations  of  integrally  woven  core  materials.  Figure  6  illustrates 
the  three  (3)  moat  oommon  woven  core  configurations  cooBiercially  available* 

The  woven  sandwich  consista  of  integrally  woven  outer  akins  eepareted  by  woven 
aeparatora.  It  is  the  separators  that  are  the  main  variables  of  a  configura¬ 
tion,  aa  shown  in  Figure  6.  there  are  truss  web  cores,  vertical  web  cores.  *nd 
drop  thread  cores  available.  Currently  no  weaver  can  integrally  weave,  what 
ia  considered  the  optimign  configuration,  a  true  honeycomb  core  and  faces  in¬ 
tegrally  woven.  The  types  of  cores  comssroially  available  can  be  easily  ob¬ 
tained  in  heights  of  1/6  to  2  inches  in  almost  any  weave  and  thread  material. 
Currently  fiberglass  fibers  are  utilized  for  heavy  duty  space  struoturea  while 
hylon.  dacron,  und  silk  are  utilized  for  lighter  wei^i^t  atruoturel  applications 

Virou  Diviaion  of  Geophysics  Corporation  of  America  has  been  awarded 
three  (3)  separate  contracts  to  develop  the  expandable  honeycomb  concept.  At 
the  writing  of  this  paper  one  of  these  contracts  has  been  suocesafully  oom- 
pleted.  Archer  Daniels  Midland  Company  has  been  a  prime  materials  sub-oontrac- 
tor  on  these  efforts.  These  contractors  have  developed  several  types  of 
rigidlzation  systems  capable  of  rlgidizing  the  flexible  woven  sandwich  material 
Table  2  compares  the  physical  properties  of  three  (3)  of  these  aystoms  that 
have  been  developed  to  date. 

Currently  the  most  cotaaonly  utilized  rigldizatlon  system,  developed  under 
Air  Force  contract,  is  a  gas  cured  urethane.  Archer  Daniels  Midland  has  form¬ 
ulated  o  new  faster  curing,  higher  strength,  and  lower  shrinkage  gss  cured 
urethane  system.  A  prepolymer  containing  e  high  netting  index  has  been  de¬ 
veloped*  This  higher  netting  Index  creates  a  tendency  for  the  unconnecteu 
polymer  chains  to  interconnect  und  become  more  thermosetting.  The  higher 
nettlup,  index  will  also  cause  less  polymer  shrinkage  during  and  after  rigidi- 
zution.  Branched  polyolu  possessing  a  high  hydroxai  equivalent  were  used  to 


obtain  hi^  atrength  and  rigidity.  The  sigp^fioant  reduction  in  cure  time 
WBB  achieved  by  utilizing  m-phenylene  dileocyan^ta  in  place  ol  the  conmercially 
available  tolldine  diisocyanate.  This  urethane  system  is  rlgidized  by  e  gM- 
eous  mixture  of  mostly  water  vapor  with  a  small  amount  of  tri  ethyelamineT^ 
Typical  properties,  aa  shown  in  Table  2,  for  this  gas  cured  urethane  are  fiber¬ 
glass  laminate  tensile  strengths  of  27f^00  pel,  flex  strengths  of  23*000  psi 
and  cure  times  of  13  to  30  minutes.  Nonreinforced  film  strengths  of  this 
urethane  are  13.700  psi  which  is  exceptionally  high  for  a  urethane  film. 

Archer  Daniels  Midland  has  also  developed  e  gas  cured  polyester  resin 
system  under  the  above  mentioned  contracts.  Dtaseturatsd  polyesters  diluted 
with  reactive  polyfunotionsl  (dl,  tri*  and  tetrs)  scrylatss  have  been  utilized 
for  vapor  phase  catalysis.  These  systems  have  been  successfully  cured  by 
vaporizing  volatile  peroxidea.  Free  radical  accelerators  have  been  mixed  with 
the  resin  to  reduce  cure  times.  A  peak  exotherm  of  143°^  b**  been  recorded 
with  this  system  in  about  8  minutes.  Rigid! zation  times  of  3*^  minutes  have 
been  obtained  with  resulting  properties  of  ^7,000  psi  in  flexure. O 

Archer  Daniels  Midland  has  also  been  able  to  develop  s  faster  curing 
epoxy  gas  cured  syrstem.  This  system  Is  oepabls  of  curing  in  about  four  to 
six  hours  and  develops  a  flax  strength  of  about  30*000  pal  in  a  three  (3) 
ply  laminate. 

Viron  and  Archer  Daniels  Midland,  sub-contractors »  have  bean  awarded 
an  Air  Force  contract  to  develop  a  gas  cured  gelatin  ri^dlzation  aystan  for 
expandable  honeycomb.  At  the  date  of  this  writing  this  sffort  is  only  ona 
(1)  month  old. 

Plasticizer  boil-off  also  been  utllizsd  for  rlgldization  of  the 
woven  core;  however,  this  concspt  has  been  discarded  because  it  is  not  a 
rigid!  za-on-oomnand  aystam. 

Fxpandabla  Honeycoihb  Experlmsiats 

A  mors  detailed  discussion  will  bs  made  on  the  experimental  hardware 
programs  of  expandable  honeycomb.  Theae  exparimantal  hardware  programs  are 
in  the  following  areasi  mlcronsteorlta  reslatanoa,  solar  collsotora,  and 
finally  apsca  shelter  structures. 

Mlorometeorlts  resistance  -  The  author  had  always  antloipatad  that  the 
expandable  honeycomb  would  pzwide  good  micromateorlta  protection  because  of 
Its  double  wall  construction.  However,  this  was  purely  apeoulatlon.  Thus, 
an  Air  Fores  in>house  program  was  established  to  detnruins  the  affects  of 
high  speed  particle  fjnpact  on  expandable  honeyconfc.  The  Air  Force  Materials 
Laboratory  micromstsorlts  facility  was  utilized  for  thaaa  taata,  t^lar  diaoa* 
1/6  Inch  diameter  by  .01  Inch  thick,  were  fired  at  vslooitiaa  of  26*000  to 
32,000  fpe  into  solid  1/2  inch  aluminuni  blocks  which  crested  a  hsmisphsrloal 
crater  about  1/8  inch  in  diamstar  in  the  aluminum,  as  ahowc  in  Figure  7*  The 
same  size  particles  wars  fired  into  a  llgbtwaight  woven  fibsrglaaa  gaa  cured 
urethane  structiu's  at  similar  vslooitles.  Figure  7  shows  the  front  and  back 


surfaces  of  one  of  these  neteriale.  Hie  particle  penetrated  the  outside  fac¬ 
ing  creating  about  a  1/8  inch  diameter  hole;  however .  little  damage  to  the 
fiber  structure  is  caused  to  the  rear  face.  The  only  viauel  damage  to  the 
rear  face  is  very  minor  spallation  of  the  urethane  resin.  This  data  is  of 
course  very  preliminary  and  should  be  treated  us  so.  Flans  are  underway  to 
test  various  configurations  of  expandable  honeyconi)  which  are  applicable  to 
solar  collectors  and  shelters.  MLcrometeorite  tests  are  also  planned  to  be 
conducted  on  stressed  str^jctures  as  well  as  unstressed  structures. 

Solar  Collector  Experiments 

under  Air  Force  contract  Viron  Division  of  Geophysics  Corporation  of 
America  has  prepared  a  number  of  expandable  honeycomb  solar  collectors.  These 
solar  concentrators  have  been  constructed  of  the  following  components!  inflat- 
able  aluminized  mylar  layup,  magic  coating,  woven  core,  and  rigidizing  resin 
system.  The  aluminized  mylar  collector  layups  are  fabricated  aimllar  to  the 
Echo  balloona,  by  aaaming  gores  together.  Goodyear  Aerospace  currently  sup¬ 
plies  the  Air  Force  with  accurate  solar  collector  layups  ranging  from  2  ft 
diamstar  to  bO  ft  diamater.  One  mil  aluminized  mylar  la  utilized  in  the  fab¬ 
rication  of  these  collector  layupa  because  of  packaging  considerations.  The 
magic  coating  ia  than  applied  to  the  back  face  of  the  solar  collector.  A 
magic  coating  ia  a  flexible  plastic  layer  which  prevents  mark-off  or  show  thru 
of  the  texture  of  the  woven  honayconib  core.  Currently  Viron  uses  a  fonmls- 
tion  of  Epon  872>X-73i  Epon  828.  Epon  Agent  U,  plus  cab-o-all  and  ether  sol¬ 
vents.^  This  formulation  ia  sprayed  over  the  mylar  in  aaversl  costa  to  a 
thiokneaa  of  battieen  10  to  20  mil.  Hiia  layer  also  prevents  sharp  permanent 
creasing  of  the  mylar  during  packaging  and  storage. 

The  woven  honeyc<MDb  backup  coim  material  utilized  in  fabricating  solar 
oollaotors  ia  a  1/2  to  1  inch  high  core  which  utllizaa  either  geometric  or 
random  placed  drop  threads.  These  cores  weigh  between  2  to  6  ounces  per 
square  yard  and  are  currently  woven  from  either  dacron  or  nylon.  Cores  have 
bean  woven  from  both  nx>no  filament  and  multi  fllamant  yams. 

To  data  all  solar  collectors  have  bean  rigidizad  with  a  gaa  cured 
urethane  raain  system.  Solar  concentrators  have  bean  auccassfully  rigidizad 
in  vacuums  up  to  10~°  na  Hg  with  cure  times  of  30  minutaa  to  1  hour.  Two 
(2)  ft  and  five  (5)  ft  solar  collectors  have  bean  rigidizad  suooeaafully  to 
data.  Figures  6  and  9  show  0  ^  tt  diamater  solar  collector  packaged  and 
rigidizad.  This  particular  collector  weighed  about  0,3  Ib/aq  ft  of  projected 
reflector  area.  Ihia  year  2  ft  and  10  ft  diameter  solar  collectors  will  be 
rigidizad  under  spatial  conditions.  The  collector  contour  will  also  be  check¬ 
ed  before,  during,  and  after  rigidization.  Next  year  expandable  honeycomb 
solar  oollactors  10  ft  and  22.23  ft  diameter  will  be  fabricated  and  rigidizad 
under  vacuum  conditions.  The  10  ft  diamater  collectors  will  have  spherical 
and  oapa  attached  which  will  permit  preliminary  packaging  and  deployment 
tests. 

SPACE  SHELTER  STRUCTURES 


Viron  has  also  under  Air  Force  contract  designed  end  fabricated  several 


space  shelter  structures.  Figures  10  and  11  show  the  package  size  of  a  7  ft 
diameter  by  6  ft  high  space  shelter  end  the  final  rigidized  shelter.  This 
shelter  was  designed  to  sustain  internal  preasurea  of  14  psia  and  weighsd 
less  than  100  lbs.  Viron  also  cured  numerous  half  size  models  of  this  struc¬ 
ture  under  atmospheric  conditions.  This  year  a  limited  war  shelter,  floor 
plan  26  X  30  will  be  air  dropped,  deployed,  and  rigidized.  This  shelter 
is  designed  for  100  ooiph  wind  loads,  and  a  roof  load  of  23  psf.  In  addition, 
it  is  to  hare  a  floor  inside  of  it  capable  of  withstanding  the  wheel  loading 
of  an  aircraft.  Ihis  shelter  will  be  packaged  into  a  4  Z  4  Z  4  ft  package 
and  will  wei£d>  about  3OOO  lbs.  Erection  and  cure  time  will  be  less  than  two 
(2)  hours.  Figure  12  is  an  artist's  concept  of  this  26  X  30  ft  Limited  War 
Shelter. 

Finally,  a  program  has  been  authorized  to  deteznine  the  feasibility  of 
fabricating,  expanding  and  rigidizing  a  space  station  type  structure  from 
expandable  hoaeyconfc.  Figure  I3  ia  an  artist's  concept  of  this  space  atation. 
Ihis  atructure  will  be  10  ft  diameter  and  about  23  ft  long.  The  structure 
will  be  divided  into  two  compartments  and  will  have  floor  running  the  entire 
length  of  the  structure.  Figure  14  shows  a  cross  section  of  this  structure 
and  a  typical  wall  structure.  Tbeae  structures  will  bs  deployed  in  e  vecuus 
chaidber  at  10“°  mn  Hg  pressure.  Cure  time  will  be  less  than  one  (1)  hour. 

Charaotariatioa 


Expandable  honeyeomib  appears  to  have  the  hic^est  strength  to  wei|^t 
ratio  of  any  rigidized  structure.  It  looks  axtremely  promising  for  resisting 
Bdcrometaorite  penetration,  and  even  if  it  ia  punctured  it  will  not  collapse. 
Finally  it  will  work  on  the  Earth  as  iiell  am  in  space. 

Applications 

Expandable  honeycoaib  can  be  utilized  for  solar  collectors,  spsos  sta¬ 
tions.  extraterrestrial  shelters,  earth  sbsltars,  and  possibly  rs-antry 
vehicles. 

Advaooemants  Peg ui rad 

Many  advancements  oust  bs  made  in  order  to  pennit  desi^Mrs  to  apply 
expandable  honeycoaib  to  the  above  applications.  First  a  new  weaving  maohina 
must  be  desisted  and  fabricated  which  will  weave  three  dimensionally  honey¬ 
comb  end  skins  simultaneously.  The  dsvelopaient  of  a  true  honsyeomb  core 
would  certainly  increase  its  strength  to  weight  characteristics.  Faster 
curing  reslo  system  with  long  shelf  life  must  also  be  developed.  Finally, 
research  should  be  directed  toward  an  expandable  boneyconh  syatam  that  would 
be  capable  of  survivlDg  re-entry. 

VARIABLE  GEOKETHY  STRUCTURES 

Definition;  Variable  geometry  structures  otberwias  known  as  unfurlabls 
structures  are  composed  of  a  number  of  conventionally  built  rigid  sections 
that  either  hinge,  spring,  or  telescope  Into  shape. 


Materlala 


Ihe  Aeron'ttronica  CoiQFaoy  and  the  Martin  Company  have  studied  telescop¬ 
ing  space  structures  under  Air  Force  contracts.  The  Martin  Coiqpsny  determined 
that  their  stnictures  are  about  30S  heavier  than  a  rigid  nonexpendable  struc¬ 
ture.  The  iccx'ease  in  weight  is  attributed  to  seals,  bullEheads.  end  expansion 
mechanisms  required  in  a  telescoping  concept.  Normally  conventional  materials 
are  utilized  in  the  construction  of  telescoping  structures  which  providasths 
designer  with  a  hi^  confidence  level  in  the  desi^  of  future  vehicles. 

Spring  open  type  etructures  have  also  becoam  interesting  of  late.  The 
G.  T.  Schjeldahl  Coinpany  is  developing  a  unique  spring  open  grid  structure. 
Figure  13  shows  one  of  these  spring  open  structures  packaged,  being  deployed, 
and  fully  deployed.  This  structure  is  composed  of  a  grid  of  multi  filament 
glass  fibers  coated  with  silicone  rubber.  This  type  of  structure  is  very 
applicable  to  the  passive  conmunication  satellite  ares.  Its  mein  advantage 
lies  in  the  potential  elimination  of  the  plastic  film  required  for  infleting 
conventional  vire  grid  structures. 

Narmco  and  Goodyear  Aerospace  have  developed  a  spring  open  structure 
utilizing  the  elastic  recovery  characteristics  of  a  flexible  polyurethane 
foam.  Figure  16  shows  a  flexible  foam  structure  collepeed  and  expanded. 

The  foam  structure  ia  only  utilized  to  spring  the  structure  open  and  for  a 
fflicroneteorite  bumper.  Goodyear  Aerospace  reports  that  flexible  polyurethane 
foam  is  an  excallent  micrometeori te  bumper  material,^”  l^is  type  of  struc¬ 
ture  is  a  nonrigid  structure  and  is  pressure  stabilized.  The  actual  load 
carrying  part  of  the  structure  is  either  a  woven  fabric,  or  e  filament  wound 
structure  with  a  flexible  organic  bladder  inside  to  eliminate  porosity. 

The  National  Cash  Register  Cocpany  under  Air  Force  contract  has  developed 
a  chemical  rlgidlzatlon  technique  Ter  rigidizing  flexible  polyurethane  foam 
structures.  A  flexible  foam  :  'ructure  is  impregnated  with  e  vinyl  resin. 

An  encapsulated  eromatic  amine  can  utilized  to  cure  the  vinyl  resin.  The 
encapsulated  catalyst  can  be  release ?  via  small  nichrome  heating  elements. 

Cure  times  of  ten  (10)  to  twenty  (?0)  aunutes  have  been  achieved  under  vacuum 
conditions  for  two  ft  diameter  structures.  This  technique  is  currently  being 
studied  for  solar  collector  and  space  sheltet  eppllcetlon. 

Characterlatics 


The  variable  geonaetry  structure's  principal  .  .:vanta(e  la  that  it  is 
entirely  fabricated  on  the  round  and  can  th'is  be  i.';pected  prior  to  launch. 
Telescoping  or  hinged  etructures  usually  only  reduce  the  launch  packages 
size  in  one  direction.  The  spring  open  grid  or  flexible  foam  stx*uctures  offer 
minimal  structurel  integrity  without  pressurization. 


Appl icat  xons 


Variable  geometry  structures  have  many  applications.  Telescoping  or 
unfurlable  structurea  can  be  applied  for  utilization  as  soler  collectors, 
antennae,  space  stations,  extraterrestrial  shelters  end  re-entry  vehicles. 


The  spring  open  grid  structure's  primary  applications  are  in  the  passive 
comnunication  satellite  and  decoy  areas*  The  spring  open  flexible  foam 
covered  structure  may  be  utilized  for  portable  extraterrestrial  ahelters* 
space  station  rendezvous  docks «  and  space  vehicle  crew  transfer  tunnels* 

Advancements  Required 

Improvements  in  sealing  techniques  are  required  to  bring  variable 
geometxy  structures  to  an  operational  status*  Research  efforts  should  be 
directed  toward  improving  chemical  rigid ization  techniqusa  of  flexible  ure* 
thane  foams « 


£[GNIFICAi/r  EXPANDABLE  STRICTURES  MILECTONES 

A  number  of  significant  expandable  structures  milestones  are  nov  within 
the  predictable  future.  Among  theae  milestones  ere  projK>sed  space  experiments 
on  manned  space  stations,  actual  space  statlons«  cx^w  transfer  tuzinels,  and 

re-entry  vehicles* 

Space  Experiments  on  Manned  Space  Stations 

Several  experiments  ere  planned  to  be  conducted  on  future  manned  space 
s tail one*  Basicelly  these  expeximents  fall  into  two  (2)  categories;  space 
structures  technology  end  recovery  of  apace  objects* 

One  experiment  would  consist  of  deploying  from  e  space  vehicle  various 
expcndeble  structure  components  such  as  solar  collectors,  antennae,  and 
structural  cylinders.  Terious  types  of  structural  components  would  be  demon¬ 
strated;  among  these  candidate  structural  systems  would  be  expendable  honey- 
coEib,  eirnibtt,  anu  foamed-in*place  structures.  M)8t  likely  aoler  collectors 
of  ton  (10)  to  twenty  (20)  ft  diometer  would  be  utilized  in  these  experiments* 
Contour  accuracy  would  be  checked  by  photometiio  techniques*  In  addition, 
them^al  orbital  profiles,  strain  rates,  end  leak  rates  would  be  monitored  and 
recorded  on  bo&rd  the  space  vehicle.  Figuie  17  ie  an  artist's  concept  of  a 
proposed  expnndeble  structures  expert  rent*  Another  experiment  that  is  in  the 
p'!annir.f.  st^ge  woulc?  be  the  utilization  of  expandable  structures  materials 
for  recovery  of  space  objects.  Vi»rioua  materials  systems  could  be  utilized 
fcT  this  experiment;  expancieble  foams,  woven  metal  fabric  ati*ucturaa,  and 
r  OSS  n  ly  exp-'unduble  licneycoDib.  Figure  18  is  an  artist's  concept  of  this 
experiment  beirq  ;ei  formed. 

Crew  Tunnel  Applications 

Several  proposed  space  ayetenfi  utilize  existing  re-entry  capsules  In 
conjunction  with  n  space  station  cylindrical  nodule.  Unfcrtunetsly,  the 
ingress  end  egresi  doors  in  these  vehicles  are  mounted  on  the  side  of  the 
vehicle  viiich  does  not  facilitate  crew  transier  without  going  cxtra-vehiculsr# 
All  expendable  crew  transfer  tunnel  which  would  be  packaged  against  the  side 
cf  tht  vehicle  during,  booot,  but  which  would  expand  Into  shape  once  In  orbit, 
could  provide  a  sliirt  slteve  enclosed  environment  conduciv;  for  efficient 

crew  transfer*  Figure  19  is  an  artist's  oonoept  of  an  expanded  craw  trana- 
fer  tunnel. 


Space  Station  Structure 


Many  iUTeatlgaiora  hare  propoaed  launching  into  orbit  an  expandable 
apace  atation. 

Currently  the  Air  force  under  contract  la  building  an  expandable  apace 
atation  structure  aa  pretloualy  abovn  in  Figure  14<  Thla  effort  la  prlatarlly 
a  ground  baaed  Taouvn  chanber  feeaibility.  Expandable  atructure  technology 
hea  progreaaed  to  the  letel  of  being  directly  applicable  to  large  apace  atruc- 
ture  dealgna. 


SVmtFY 


Typea  of  Structurea 

There  are  aeTcral  olaaaifloationa  of  expandable  atructurea,  theae  are; 
inflatable  balloon*  rigldized  amabrane,  ainnat.  foamed -in-pl ace.  expandable 
honeycoob.  and  rarlable  geometry  atructurea.  Flguraa  20  through  2$  aunnartza 
theaa  rarioua  typaa  of  atructurea*  materiala*  appllcationa*  and  charecter- 
iatioa. 


REC0M^1E2CATt0NS 

The  following  recoanendetlona  ere  made: 

1.  Increaee  atrength  to  weight  ratios  of  expandable  etructuree. 

2.  Increase  ahelf  life  of  ehemieelly  rigidlzed  aysteoe. 

3.  Inveatigata  in  detail  the  effects  of  the  apace  enTlronment  on  ell 
typea  of  expandable  atructure  ayetema. 

If  Increase  the  temperature  reeleteoce  of  expandable  honeycomb  struc¬ 
ture  materials. 

3.  ImprOTS  the  reliability  of  expandable  etructuree. 

6,  Demonatrate  the  feasibility  of  expandable  atructurea  by  orbital 
danonat rations . 
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Figure  10  -  PactcaceA  7  ft  dia  Spaea  Structure 


Figure  12  -  Artist* a  Concept  of  Expsudeble  HcneyccsaA  ft  Limited  »«r  Sbelte 
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